Evaluation of candidate Stirling engine heater tube alloys after 3500 hours exposure to high pressure doped hydrogen or helium by Misencik, J. A. & Titran, R. H.
DOEINASAI51040-56 
NASA TM-83782 
* 
Evaluation of Candidate Stirling Engine 
Heater Tube Alloys After 3500 Hours 
Exposure to High Pressure Doped 
Hydrogen or Helium 
John A. Misencik and Robert H. Titran 
National Aeronautics and Space Administration 
Lewis Research Center 
October 1984 
Work performed for 
Conservation and Renewable Energy 
Office of Vehicle and Energy R&D 
Washington, D.C. 20545 
Under Interagency Agreement DE-AI01 -77CS51040 
b U.S. DEPARTMENT OF ENERGY 
. 
https://ntrs.nasa.gov/search.jsp?R=19840026532 2020-03-20T21:34:09+00:00Z
DOEINASAI51040-56 
NASA TM-83782 
I 
Evaluation of Candidate Stirling Engine 
Heater Tube Alloys After 3500 Hours 
Exposure to High Pressure Doped 
Hydrogen or Helium 
John A. Misencik and Robert H. Titran 
National Aeronautics and Space Administration 
Lewis Research Center 
October 1984 
Work performed for 
Conservation and Renewable Energy 
Office of Vehicle and Energy R&D 
Washington, D.C. 20545 
Under Interagency Agreement DE-AI01 -77CS51040 
b U.S. DEPARTMENT OF ENERGY 
EVALUATION OF CANDIDATE STIRLING ENGINE HEATER TUBE ALLOYS AFTER 
. 
3500 HOURS EXPOSURE TO H I G H  PRESSURE DOPED HYDROGEN OR HELIUM 
John A .  Misencik and Robert H. T i t r a n  
Nat iona l  Aeronaut ics and Space Admin i s t ra t i on  
Lewis Research Center 
Cleveland, Ohio 44135 
SUMMARY 
rD 
h 
ru cu 
I w 
Six teen commercial t u b i n g  a l l o y s  were endurance tes ted  i n  a d i e s e l - f u e l  
f i r e d  S t i r l i n g  engine s imu la to r  ma te r ia l s  t e s t  r i g .  The o b j e c t i v e  o f  t h e  t e s t s  
were t o  eva lua te  t h e  endurance l i m i t s  o f  s i x teen  a l l o y s  (up t o  3500 h r  a t  15 
MPa pressure a t  820' C) and s e l e c t  one a l l o y  f o r  f u r t h e r  t e s t i n g  a t  a h ighe r  
pressure o f  21 MPa. Dur ing exposure, two sets  o f  each a l l o y  i n  t h e  form o f  
t h i n - w a l l  tub ing ,  " h a i r p i n  tubes" were pressur ized -- one w i t h  hydrogen doped 
w i t h  1.0 v o l  X C02 and the  o t h e r  w i t h  helium. i r o n -  
base N-155, A-286, I nco loy  800, 19-9DL, CG-27, W-545, 12RN72, 253MA, Sanicro 
31H and Sanicro 32; nickel-base Inconel  601, Inconel  625, Inconel  718, Inconel  
750 and Pyromet 901; and cobalt-base HS-188. 
The a l l o y s  tes ted  were: 
The i r o n - n i c k e l  a l l o y s  CG-27 and Pyromet 901 e x h i b i t e d  super io r  ox ida t i on /  
co r ros ion  res i s tance  t o  t h e  d i e s e l - f u e l  combustion products  and surpassed t h e  
design c r i t e r i a s '  3500 h r  creep-rupture endurance l i f e .  Three o the r  a l l o y s ,  
Incone l  625, W-545, and 12RN72, which are  considered t o  have performed w e l l ,  
had creep-rupture f a i l u r e s  a f t e r  2856, 2777, and 1598 h r ,  respec t i ve l y .  Hydro- 
gen p e r m e a b i l i t y  c o e f f i c i e n t s  determined a f t e r  250 h r  o f  r i g  exposure show t h a t  
Pyromet 901 had t h e  lowest  + value, 0 . 0 6 4 ~ 1 0 - ~  cm2/sec MPa1j2. The nex t  f i v e  
h a i r p i n  tubes, CG-27, Inconel  601, Inconel  718(wd), Inconel  750, and 12RN72(cw) 
a l l  had + values below 0 . 2 ~ 1 0 - ~  more than a decade lower than t h e  design c r i -  
t e r i a .  Based upon i t s  measured h igh  s t rengtr ,  and low hydrogen permeation, 
CG-27 was se lec ted  f o r  3500 h r  endurance t e s t i n g  a t  21 MPa gas pressure and 
820' C. 
The r e s u l t s  o f  t h e  h igh  pressure, 21 MPa, CG-27 endurance t e s t  demon- 
s t r a t e d  t h a t  t h e  1.0 v o l  % C02 dopant i s  an e f f e c t i v e  d e t e r r e n t  t o  hydrogen 
permeation. The 21 MPa hydrogen gas pressure apparent pe rmeab i l i t y  c o e f f i c i e n t  
a t  820' C approached 0 . 1 ~ 1 0 - ~  cm2/sec MPa1l2 a f t e r  500 h r ,  t h e  same as t h e  
1 5  HPa t e s t .  Even a t  t h i s  h igher  gas pressure and comparable permeation ra te ,  
CG-27 passed t h e  3500 h r  endurance t e s t  w i thou t  creep-rupture f a i l u r e s .  It i s  
concluded t h a t  t h e  CG-27 a l l o y ,  i n  t h e  form o f  t h i n  w a l l  t u b i n g  i s  s u i t a b l e  f o r  
S t i r l i n g  engine a p p l i c a t i o n s  a t  820' C and gas pressures up t o  21 MPa. 
INTRODUCTION 
The work descr ibed i n  t h i s  r e p o r t  was conducted as p a r t  o f  t h e  con t inu ing  
suppor t ing  research and technology a c t i v i t i e s  under ' t h e  DOE-NASA S t i r l i n g  
Engine Highway Vehic le  Systems Program ( r e f .  1 ) .  To achieve maximum e f f i -  
c iency  i n  t h e  S t i r l i n g  Engine, hydrogen i s  used as t h e  working f l u i d  and oper- 
a t i n g  temperatures a re  h igh,  near 870' C i n  some proposed engine designs. 
c u r r e n t  p ro to type  engines, N-155, an a l l o y  con ta in ing  20 percent  c o b a l t  i s  used 
I n  
f o r  t he  heater  head t u b i n g .  Because o f  t h e  s t r a t e g i c  nature o f  c o b a l t  ( g r e a t e r  
than 90 percent  impor t  dependence by t h e  Uni ted States) ,  i t s  l i m i t e d  a v a i l a b i l -  
i t y  compared t o  the mass market needs f o r  proposed automotive S t i r l i n g  engine 
a p p l i c a t i o n s ,  and h i g h - c o s t ,  a l l o y s  c o n t a i n i n g  c o b a l t  cannot be considered f o r  
aUtomotive a p p l i c a t i o n s  ( r e f .  2) .  
Planned automot ive a p p l i c a t i o n s  o f  t h e  S t i r l i n g  engine r e q u i r e  c y c l i c  on 
o t f  ope ra t i on  w i t h  r e s u l t i n g  temperatures o f  t h e  heater  head tubes ranging from 
room temperature t o  near 900" C ( r e f .  3) .  I n  a d d i t i o n ,  speed o f  t h e  automobi le 
i s  c o n t r o l l e d  by pressure v a r i a t i o n  o f  t h e  hydrogen working f l u i d  conta ined i n  
t h e  heater  head tubes. 
average pressure near 7 MPa based on a 50 percent  urban/SO percent  highway 
d r i v i n g  cyc le .  
Pressure normal ly  ranges between 2 and 1 5  MPa w i t h  an 
Two S t i r l i n g  engine s i m u l a t o r  r i g s  have been f a b r i c a t e d  and a r e  being used 
a t  NASA LeRC t o  evaluate candidate S t i r l i n g  engine hea te r  tube a l l o y s  under 
s imulated c o n d i t i o n s  o f  c y c l i c  temperatures, hydrogen pressure, and d i e s e l -  
f u e l  combustion gas environment. l o  date,  f i v e  endurance runs ( r e f s .  4 and 5) 
and two hydrogen dopant s tud ies  ( r e f s .  6 and 7 )  have been completed us ing  t h e  
NASA LeRC S t i r l i n g  eng'ne s i m u l a t o r  t e s t  r i g s .  l h e  f i r s t  was an endurance run  
f o r  1000 h r  a t  760" C and 21 MPa hydrogen pressure, us ing  pure and commercial 
hydrogen ( r e f .  4 ) ,  t h e  second was an endurance run f o r  535 h r  a t  860" C and 
21 MPa hydrogen pressure,  us ing  commercial hydrogen. The t h i r d  was an endur- 
ance run f o r  1000 h r  a t  820" C and 21 MPa hydrogen pressure,  us ing  commercial 
hydrogen ( r e f .  5), t h e  f o u r t h  was an endurance run  f o r  3500 h r  a t  820" C and 
1 5  MPa hydrogen pressure, us ing  hydrogen doped w i t h  1.0 v o l  X carbon d iox ide ,  
and t h e  f i f t h  was an endurance run  f o r  3500 h r  a t  820" C and 21 MPa hydrogen 
pressure us ing  t h e  best a l l o y  f rom t h e  prev ious 3500 h r  run. This  was a l s o  
conducted us ing  hydrogen doped w i t h  1.0 vol X carbon d i o x i d e .  The r e s u l t s  o f  
t h e  f o u r t h  and f i f t h  endurance runs (3500 h r )  w i l l  be discussed i n  t h i s  r e p o r t .  
l h e  purporc o f  t h i s  i n v e s t i g a t i o n  was t h r e e - f o l d :  ( 1 )  t o  rank t h e  c a n d i -  
date S t i r l i n g  engine hea te r  tube a l l o y s  accord ing t o  t h e i r  endurance l i m i t s  i n  
t h e  S t i r l i n g  engine s i m u l a t o r  r i g  a t  820" C and 1 5  MPa prersure;  ( 2 )  t o  rank 
candidate hea te r  tube a l l o y s  as t o  t h e i r  a b i l i t y  t o  c o n t a i n  hydrogen a t  820" C; 
and ( 3 )  t o  s e l e c t  and endurance t e s t  t h e  bes t  a l l o y  a t  21.6 MPa hydrogen pres.- 
sure and 820" C temperature. 
a l l o y s  under c o n d i t i o n s  o f  c y c l i c  temperature, pressure,  and environment 
(hydrogen and combustion products)  t h a t  s imu la te  t h e  a c t u a l  ope ra t i on  o f  a 
S t i r l i n g  powered highway v e h i c l e .  l h e  a l l o y s  t e s t e d  i nc luded  10 i ron-base 
a l l o y s ,  N-155, A-286, l n c o l o y  800, 19 -9DI-, CG-27, W-545, 12RN72, 253MA, Sanicro 
31H, and Sanicro 32; f i v e  n i c k e l  -base a l l o y s  Inconel  601, Inconel  625, Inconel  
718, Inconel  750 and Pyromet 901; and one cobal t -base a l l o y  HS-188. The i r o n -  
base and n i cke l -base  a l l o y s  a r e  considered p o s s i b l e  candidates f o r  t h e  S t i r l i n g  
engine heater  tubes. S i x  o f  t h e  a l l o y s  were evaluated p r e v i o u s l y  i n  endurance 
runs a t  760°, 820", and 860" C .  l hese  a l l o y s  were N-155, A-286, I n c o l o y  800, 
19-9DL, Inconel  718 and 14s-188. l h e  r e s u l t s  obta ined i n  these endurance runs 
a r e  repor ted i n  re ferences 4 and 5 .  
I 
l'he a l l o y s  evaluated i nc luded  N-155, and 15  o t h e r  candidate hea te r  tube 
2 
EXPtRIMkNl AL PROCkDURLS 
Mate r i  a 1 s 
l h e  a l l o y r  used i n  t h i s  s tudy were obta ined commercial ly i n  t h e  form o f  
tub ing .  
i n s i d e  d iameter  o f  3.2 mm, and t h e  second w i t h  an ou ts ide  d iameter  o f  4.5 mm 
and an i n s i d e  d iameter  o f  3.0 mm ( t h e  s i z e  used i n  c u r r e n t  p ro to type  engines).  
The 4.8 mm t u b i n g  inc luded t h e  f o l l o w i n g  a l l o y s :  N-155, A-286, I n c o l o y  800, 
19-9DL, CG-27, W-545, Incone l  718, Inconel  601, and HS-188. The 4.5 mm t u b i n g  
inc luded t h e  f o l l o w i n g  a l l o y s :  12RN72, 253MA, Sanicro 31H, Sanicro 32, Inconel  
625, Inconel  750, and Pyromet 901. Four o f  t h e  t u b i n g  a l l o y s  were weld-drawn 
and t h e  o thers  were seamless tub ing .  The weld-drawn a l l o y s  were N-155, 19-9DL, 
Incone l  718(wd) and HS-188. A second l o t  o f  Incone l  718 ( Incone l  718(a)) i n  
t h e  seamless ve rs ion  and an as-cold worked seamless ve rs ion  o f  t h e  12RN72(cw) 
were a l s o  tes ted .  
Two s i zes  were s tud ied ,  one w i t h  an ou ts ide  d iameter  o f  4.8 mm and 
Chemical a n a l y s i s  o f  t h e  tube produc t  as repo r ted  by t h e  f a b r i c a t o r  o r  
determined a t  NASA LeRC a re  l i s t e d  i n  t a b l e  1. l e n  o f  t h e  a l l o y s  a r e  i ron-base 
supera l loys  w i t h  s u b s t a n t i a l  amounts o f  chromium and n i c k e l .  The i ron-base 
a1 loys  are:  N-155, A-286, Inco loy  800, 19-9DL. CG-27, W-545, 12RN72, 253MA, 
Sanicro 31H, and Sanicro 32. F i ve  o f  t h e  a l l o y s  a re  n i c k e l  base a l l o y s ,  and 
inc lude  Incone l  601, Incone l  625, Inconel  718 , Incone l  750, and Pyromet 901. 
One a l l o y ,  HS--188, i s  cobalt-based. Average g r a i n  s i z e  o f  t h e  heater  tubes 
ranged f rom 7 um f o r  HS-188, t o  61 pm f o r  W-545 and a re  repor ted  i n  
t a b l e  1. P r i o r  t o  t h e  endurance runs, severa l  o f  t h e  a l l o y s  were heat  t r e a t e d  
t o  inc rease t h e i r  g r a i n  s i z e  and thus  h o p e f u l l y  improve t h e  e leva ted  tempera- 
t u r e  c reep- rup ture  p r o p e r t i e s .  
as f o l l o w s :  
The a l l o y ,  heat  t reatment  and g r a i n  s i z e  a re  
A l l o y  S o l u t i o n  Atmosphere t ime  Cool ing Gra in 
t rea tment  s ize,  
vm 
Th 
N -1 55 1204O C 
A-286 1148" C 
I n c o l o y  800 1121" C 
19 -9DL 1204" C 
m i c r o s t r u c t u r e  o f  t h e  tub  
Vacuum 10 min Fce. 
Vacuum 10 min Fce. 
Vacuum 1 h r  Fce. 
Vacuum 10 min Fce.-He 
be fo re  t h e  endurance run  
1 7  
54 
46 
25 
r e  shown i n  
f i g u r e s  l ( a )  t o  ( r ) .  The l i m i t e d  supply  o f  some tubes prevented o b t a i n i n g  
m ic ros t ruc tu res  o f  them before  exposure t o  t h e  endurance t e s t i n g .  The micro-  
s t r u c t u r e  o f  these tubes were obta ined from t h e  c o l d  end o f  t h e  " h a i r p i n "  a f t e r  
endurance t e s t i n g .  
The t u b i n g  a l l o y s  were evaluated i n  t h e  S t i r l i n g  engine m a t e r i a l s  t e s t  r i g  
i n  t h e  form o f  a " h a i r p i n "  as shown i n  f i g u r e  2. Each l e g  o f  t h e  " h a i r p i n "  was 
30.5 cm long w i t h  2.5 cm between legs.  Four of these ' ' ha i rp ins"  were at tached 
i n  se r ies  t o  a copper header w i t h  i n t e r n a l  passages and ex te rna l  tubes and 
va lves f o r  f i l l i n g  t h e  fou r  " h a i r p i n s . "  
comprised a module. The module i s  shown i n  f i g u r e  3 .  The " h a i r p i n s "  were 
at tached t o  t h e  copper header w i t h  g a s - t i g h t  mechanical connectors.  
l h e  copper header and at tached tubes 
A pressure 
3 
t ransducer i s  l oca ted  adjacent  t o  t h e  thermocouple p l u g  a t  t he  t o p  o f  t h e  mod- 
u l e .  A thermocouple i s  a l s o  at tached t o  t h e  pressure t ransducer.  When one 
tube f a i l e d  d u r i n g  t h e  t e s t ,  t h e  pressure i n  t h e  remaining t h r e e  tubes o f  t h a t  
module was a l s o  l o s t .  Before i n s t a l l a t i o n  i n  t h e  r i g ,  each assembled module 
was leak checked t o  10 MPa by p r e s s u r i z i n g  w i t h  he l ium and submersion i n  water.  
The modules were p r e v i o u s l y  proof t e s t e d  t o  30 MPa by p r e s s u r i z i n g  w i t h  an 
organic  so l ven t .  L i t t l e  d i f f i c u l t y  was experienced i n  achiev ing leak proof 
modu 1 es . 
1 
1 
Hydrogen doped w i t h  1.0 v o l  % carbon d i o x i d e  (C02) was used i n  bo th  endur- 
ance t e s t s .  Analyses o f  t h e  hydrogen used i n  t h e  endurance run  a t  15 MPa a r e  
shown i n  t a b l e  21. The hydrogen analyses f o r  t h e  endurance run a t  21.6 MPa 
w i t h  CG-27 a r e  a l s o  shown i n  t a b l e  11. The modules were  r e f i l l e d  every f i v e  h r  
d u r i n g  t h e  i n i t i a l  100 h r  cyc les  o f  t h e  endurance t e s t s ,  due t o  t h e  r a p i d  p e r -  
meation o f  hydrogen through t h e  tube w a l l s  a t  820" C .  Dur ing t h e  l a t t e r  p a r t  
o f  t h e  endurance t e s t ,  when t h e  hydrogen permeation was s u b s t a n t i a l l y  reduced, 
t h e  modules were r e f i l l e d  w i t h  hydrogen once every week, which averaged 50 h r  
o f  t e s t i n g .  The modules pressur ized w i t h  he l ium were repressur ized o n l y  a f t e r  
" h a i r p i n "  replacement f o l l o w i n g  a tube f a i l u r e .  
Analyses of t h e  he l i um used i n  t h e  t e s t  runs revealed no de tec tab le  
amounts o f  oxygen. 
S t i r l i n g  Lngine S imu la to r  Rig 
l h e  S t i r l i n g  engine s i m u l a t o r  r i g s  used i n  t h i s  program were designed and 
f a b r i c a t e d  a t  t h e  Lewis Research Center; t hey  c o n s i s t  p r i m a r i l y  o f  a combustion 
gas hea t ing  chamber and a u x i l i a r y  heat ing,  c o n t r o l  and gas management systems. 
A schematic o f  t h e  hea t ing  chamber i s  shown i n  f i g u r e  4. A d e t a i l e d  desc r ip -  
t i o n  o f  t h e  r i g s  and t h e i r  ope ra t i on  i s  g i ven  i n  re ference 4. 
An endurance run  consis ted o f  a s e r i e s  o f  5-hr cyc les  t o  o b t a i n  t h e  r e -  
q u i r e d  exposure t ime  o f  3500 h r  a t  820" C. 
o f  a 6 t o  10 min preheat t o  g e t  t o  t h e  opera t i ng  temperatures, a 5-hr h o l d  a t  
temperature, f o l l owed  by a coo l  down t o  near room temperature. The coo l  down 
t ime  between cyc les  i n  t h e  furnace was 1 h r  o r  longer.  A f t e r  coo l  down t o  
about 25" C t h e  modules c o n t a i n i n g  hydrogen were vented, pressure t ransducers 
rezeroed and r e f i l l e d .  l h e  modules c o n t a i n i n g  hel ium d i d  n o t  r e q u i r e  r e f i l l -  
i n g  a f t e r  each cyc le :  
replacement f o l l o w i n g  a f a i l u r e  o r  l eak .  A f t e r  complet ion o f  t h e  t e s t  run  o r  
a f t e r  f a i l u r e ,  t h e  " h a i r p i n s "  were  removed from t h e  modules and sect ioned f o r  
t e n s i l e  t e s t i n g  and me ta l l og raph ic  examination. 
A t y p i c a l  hea t ing  c y c l e  was made up 
they  were evacuated and r e f i l l e d  o n l y  a f t e r  " h a i r p i n "  
l h e  modules were o f  t h e  mod i f i ed  des ign t o  e l i m i n a t e  a "hot-zone" a t  t h e  
t o p  o f  t h e  " h a i r p i n " ,  approximately 23 cm f rom t h e  bottom bend. This  mod i f i ca -  
t i o n  consis ted o f  t h e  i n r t a l l a t i o n  o f  a 10.2 long sleeve (9.5 mm diam) around 
each tube l e g  i n  t h e  "ho t  zone". Th is  e f f e c t i v e l y  reduced t h e  temperature 4 
v z r i a t i o n  a long each " h a i r p i n "  o f  each module. 
The temperature i n s i d e  t h e  hea t ing  chamber o f  t h e  r i g  was determined a t  
The p r o f i l e  was determined by t h e  s t a r t  o f  t h e  f i r s t  3500 h r  endurance run. 
measuring t h e  temperature a t  t h r e e  l o c a t i o n s  on each module. 
were fastened t o  each module a t  t he  bottom bend o f  t h e  " h a i r p i n "  as w e l l  as a t  
The thermocouples 
4 
10.2 and 22.9 cm from t h e  bottom bend. The temperature p r o f i l e  determined f o r  
t h e  two endurance runs a re  shown i n  f i g u r e s  5(a) and ( b ) .  Th is  f i g u r e  shows 
the  temperature a t  t h e  top,  middle and bottom l o c a t i o n s  on t h e  module p l o t t e d  
against  module p o s i t i o n  around t h e  furnace. A lso shown a r e  t h e  tube a l l o y s  a t  
t h e  module l o c a t i o n  a t  t h e  s t a r t  o f  t h e  run. F igure 5(a) shows t h e  r e s u l t s  f o r  
Rig A.  The temperatures a t  t h e  t o p  va r ied  from 770" t o  870" C,  w i t h  t h e  high- 
e s t  temperature (870" C )  a t  t h e  l o c a t i o n  o f  t h e  N-155 " h a i r p i n "  and t h e  lowest 
temperature a t  t h e  l o c a t i o n  o f  t h e  I n c o l o y  800 " h a i r p i n . "  The maximum temper- 
a tures a t  t h e  middle and bottom l o c a t i o n s  were s u b s t a n t i a l l y  lower than those 
o f  t h e  maximum a t  t h e  t o p  l o c a t i o n  and va r ied  from 800" t o  843' C a t  t h e  bottom 
l o c a t i o n s  and 780" t o  830' C a t  t h e  middle l o c a t i o n s .  Most t u b i n g  f a i l u r e s  
occurred i n  t h e  t o p  l o c a t i o n s  o f  t h e  " h a i r p i n s . "  F igure 5(b) shows t h e  temper- 
a t u r e  p r o f i l e  f o r  Rig B, which i s  q u i t e  s i m i l a r  t o  t h a t  o f  Rig A. The tempera- 
t u r e s  a t  t h e  t o p  va r ied  f rom 780' t o  854" C w i t h  t h e  h jghes t  'temperature a t  t h e  
module c o n t a i n i n g  Inconel  625. The temperatures a t  t h e  middle l o c a t i o n  va r ied  
f rom 805" t o  838' C.  A t  t h e  bottom l o c a t i o n  t h e  temperatures va r ied  from 813' 
t o  851' C. 
Post Exposure Evaluat ions 
Post exposure eva lua t i on  inc luded t e n s i l e  t e s t i n g  a t  room temperature and 
820' C and metal lography. 
T e n s i l e  t e s t s  were conducted on tube specimens a t  room temperature and a t  
820' C .  
t e n s i l e  specimens were 10.2 cm long when tes ted  a t  room temperature and 17.8 cm 
long  when t e s t e d  a t  820" C .  A s o l i d  t o o l  s t e e l  p i n  2.5 cm long was i n s e r t e d  
i n t o  t h e  tube ends t o  prevent  co l l apse  o f  t h e  tube d u r i n g  t e s t i n g .  
g a t i o n  a f t e r  t e s t i n g  was determined from measurements o f  prescr ibed marks on 
t h e  t e n s i l e  specimens. 
0.25 cm/min. Except where noted t e s t s  were cr,nducted i n  d u p l i c a t e .  
The t e n s i l e  g r i p s  and a t e n s i l e  specimen are shown i n  f i g u r e  6. The 
The elon- 
A l l  t e s t s  were conducted a t  a crosshead speed o f  
Meta l lographic  specimens were sect ioned from t h e  " h a i r p i n "  tubes taken 
f rom each module. 
amined a t  magn i f i ca t i ons  o f  l O O X  and SOOX. 
The specimens were pol ished, a p p r o p r i a t e l y  etched and ex- 
RESULTS 
M i c r o s t r u c t u r e  
As p r e v i o u s l y  i n d i c a t e d  t h e  m i c r o s t r u c t u r e  o f  t h e  a l l o y s  be fo re  t h e  endur- 
ance runs a r e  shown i n  f i g u r e s  l ( a )  t o  ( r ) .  The l i m i t e d  supply o f  some a l l o y s  
prevented o b t a i n i n g  m ic ros t ruc tu res  be fo re  endurance t e s t i n g .  The m ic ros t ruc -  
t u r e s  o f  these tubes 12RN72, 12RN72(cw), W-545, Inconel  601 and Inconel  625 
were obtained f rom t h e  c o l d  end o f  room temperature t e n s i l e  specimens a f t e r  
t e n s i l e  t e s t i n g .  Note t h e  dual  g r a i n  s i z e  present  i n  f i g u r e  l ( n )  f o r  Inconel  
718(wd). The smal l  g r a i n  s i z e  area (10 pm) i s  i n  t h e  heat-af fected weld zone 
and t h e  l a r g e r  g r a i n s  (23 pm) a r e  i n  t h e  base meta l .  This heat-af fected weld 
zone was t h e  l o c a t i o n  o f  t h e  f a i l u r e s  i n  t h e  Inconel  718(wd) tubes and a l s o  i n  
t h e  o t h e r  weld-drawn tube a l l o y s .  The m ic ros t ruc tu res  o f  each tube from each 
a l l o y  pressur ized w i t h  hydrogen doped w i t h  1.0 vo l  X C02 and each a l l o y  pres-  
su r i zed  w i t h  he l ium a f t e r  r i g  exposure a re  a l s o  shown i n  f i g u r e s  l ( a )  t o  (r). 
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Minor changes i n  m i c r o s t r u c t u r e  were  found f o r  most a l l o y s  which inc luded 
growth and coalescence o f  t h e  p r e c i p i t a t e  p a r t i c l e s  i n  the  m a t r i x  and g r a i n  
boundaries. There was, however, s u b s t a n t i a l  g r a i n  growth i n  severa l  tubes, 
CG-27, 12RN72, 12RN72(cw), Inconel  718(wd), and Inconel  718(a) ( t a b l e  111). 
The l a r g e s t  g r a i n  growth, f rom 36 t o  113 pm, was found i n  t h e  CG-27 a l l o y  f o r  
t h e  tubes exposed t o  he l ium f o r  3500 h r  as shown i n  f i g u r e  l ( e ) .  
t h e  a l l o y s  d i d  n o t  show major r e a c t i o n  t o  hydrogen doped w i t h  1.0 v o l  X CO 
a l l o y s  showing any s u b s t a n t i a l  r e a c t i o n  t o  t h e  d i e s e l  f u e l  f i r e - s i d e  env i ron-  
ment as can be noted i n  f i g u r e s  l ( f )  and ( d ) .  F igu re  l ( f )  f o r  W-545 shows t h a t  
t h e  f i r e - s i d e  o f  t h e  tube was o x i d i i e d  t o  n e a r l y  one-fourth o f  t h e  w a l l  t h i c k -  
ness. F igu re  l ( d )  f o r  19-9DL shows t h e  w a l l  th ickness was a l s o  severe ly  r e -  
duced d u r i n g  t h e  endurance t e s t .  Th is  i s  s i m i l a r  t o  t h a t  found i n  t h e  1000-hr 
endurance run repor ted i n  re ference 5, where 50 percent  o f  t h e  19-9DL tube was 
l o s t ,  i n d i c a t i n g  t h a t  t h e  f i r e - s i d e  burner  environment has caused o x i d a t i o n  and 
s p a l l i n g  o f  t h e  t u b i n g  ou ts ide  surface. I n c o l o y  800, 12RN72 and 12RN72(cw) 
show a reduced w a l l  th ickness,  a f t e r  exposure, however these photomicrographs 
a r e  f rom f a i l e d  tubes where t h e  w a l l  th ickness was severe ly  reduced by b u l g i n g  
d u r i n g  f a i l u r e .  W-545 and Inconel  601, showed t h i n n e r  and deformed surfaces i n  
t h e  unexposed cond i t i on ,  however, unexposed meta l lographic  specimens were ob- 
t a i n e d  from t h e  g r i p  end o f  f a i l e d  t e n s i l e  specimens. 
I n  general  
o r  
t h e  hel ium used t o  p ressu r i ze  t h e  tubes. The W-545 and 19-9DL were t h e  on f y 
Hydrogen Permeabi 11 t y  
The pressure o f  t h e  gas contained i n  t h e  modules, hydrogen doped w i th  
1.0 v o l  X C02 o r  hel ium, was monitored d u r i n g  each o f  t h e  5-hr 820' C tempera- 
t u r e  cyc les  t h a t  made up t h e  3500 h r  endurance run. 
modules t h a t  contained he l i um became constant  a f t e r  t h e  module achieved t h e  
820' C temperature and remained constant  throughout t h e  5-hr cyc le .  However, 
t h e  pressure i n  t h e  modules t h a t  conta ined hydrogen doped w i t h  1.0 v o l  X C02 
v a r i e d  f rom a maxtmum a t  t h e  s t a r t  o f  t h e  5-hr c y c l e  t o  a low a t  t h e  end of 
5 h r  a t  820' C .  The maximum pressure and t h e  pressure a t  t h e  end o f  t h e  5-hr 
c y c l e  were used t o  c a l c u l a t e  t h e  hydrogen p e r m e a b i l i t y  c o e f f i c i e n t ,  +, us ing  
t h e  equat ion:  
The pressure i n  t h e  
+APSTt  
2 LVT, 
1 /2 - P = Po 
where 
P pressure i n  c losed system, MPa 
Po o r i g i n a l  pressure, MPa 
A permeated area, cm3 
Ps standard pressure, MPa 
T temperature o f  system, K 
t time, sec 
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L membrane th ickness,  cm 
v volume o f  system, cm3 
Ts standard temperature, K 
It should be noted t h a t  t he  S t i r l i n g  ma te r ia l s  s imu la to r  t e s t  r i g ,  modules 
and tubes were n o t  express ly  designed f o r  t he  measurement o f  permeation, bu t  
r a t h e r  were designed f o r  environmental endurance t e s t i n g  t o  determine t h e  e f -  
f e c t s  o f  burner  and hydrogen environment on t h e  l i f e  o f  tubes under pressure.  
Thus t h e  permeation c a l c u l a t i o n s  should be considered as Ilapparent" permeation 
c o e f f i c i e n t s .  Nonetheless, they  are  va luable i n  r a t i n g  hydrogen (doped w i t h  
1.0 v o l  % C02) permeation ra tes  through the  16 a l l o y s  i nves t i ga ted .  
3500 H r  Endurance Test o f  16 A l l oys  a t  1 5  MPa and 820" C 
The r e s u l t s  o f  t h e  c a l c u l a t i o n s  o f  pe rmeab i l i t y  c o e f f i c i e n t ,  + f o r  se lec-  
t e d  5-hr cyc les  o f  t h e  endurance run  a t  15 MPa are  shown i n  t a b l e  I V .  These 
data a re  shown p l o t t e d  i n  f i g u r e s  7, 8, and 9 f o r  t h e  i r o n ,  n i c k e l ,  and c o b a l t  
base a l l o y s ,  respec t i ve l y .  I n  qeneral  t he  hydrogen doped w i t h  1.0 v o l  X C02 
r e s u l t e d  i n  lower  hydrogen pe rmeab i j i t y  c o e f f i c i e n t s ,  and thus lower hydrogen 
loss .  A l l  n ickel-base a l l o y s  had hydrogen pe rmeab i l i t y  c o e f f i c i e n t s  l e s s  t h a t  
0.5~10'6 cm2/sec MPal/2 a f t e r  110 h r  i n t o  t h e  3500-hr endurance run  and were 
a l l  below 0.2~10-6 cm2/sec MPal/2 a t  longer  t jmes du r ing  t h e  3500-hr endurance 
run. Only t h e  t h r e e  iron-base a l l o y s ,  W-545, 19-9DL and 253MA, had hydrogen 
p e r m e a b i l i t y  c o e f f i c i e n t s  above 2 . 5 ~ 1 0 - ~  cm2/sec MPa1j2 a f t e r  110 h r .  
A rank ing  o f  t h e  t e s t e d  " h d i r p i n "  tubes according t o  t h e i r  hydrogen per-  
m e a b i l i t y  c o e f f i c i e n t ,  +, achieved a f t e r  250-hr exposure i n  the  r i g  i s  g iven  
i n  t a b l e  V.  Th is  t ime was chosen s ince  i t  corresponds t o  t h e  sho r tes t  f a i l u r e  
t ime  o f  any o f  t h e  a l l o y s  tes ted  and thus permi ts  an equal comparison. 
shows t h a t  t h e  "ha i rp in t1  w i t h  t h e  lowest  hydrogen pe rmeab i l i t y  c o e f f i c i e n t  i s  
Pyromet 901 w i t h  a + value o f  0 . 0 6 4 ~ 1 0 - ~  cm2/sec MPa1l2. The nex t  f i v e  
a l l o y s ,  CG-27, Inconel  601, Inconel  718(wd), Inconel  750 and 12RN72(cw) a l l  had 
+ values below 0 . 2 ~ 1 0 - ~  cm2/sec MPa1l2. Note t h a t  t he  c u r r e n t l y  used N-155 
a l l o y  ranked number 10, i .e . ,  n ine  " h a i r p i n "  tubes had lower hydrogen perme- 
a b i l i t y  c o e f f i c i e n t s .  Only th ree  " h a i r p i n "  tubes 253MA, W-545 and 19-9DL had 
+ values above 1 . 0 ~ 1 0 - ~  cm2/sec MPa1l2 a f t e r  250-hr exposure i n  t h e  r i g ,  2.47, 
3.80 and 5.05~10-6 cm2/sec MPal/2, respec t i ve l y .  
o f  2 .5~10-6 cm2/sec MPa 112 as t h e  maximum hydrogen permeation c o e f f i c i e n t  t h a t  
could be t o l e r a t e d  i n  a commercial highway veh ic le ,  o n l y  two " h a i r p i n "  tubes, 
W-545 and 19-9DL, f a i l e d  t o  meet t h i s  c r i t e r i a .  
Table V 
Thus, us ing  t h e  des i red  goal 
3500 H r  Endurance Test o f  CG-27 a t  i! MPa and 820" C 
The ca l cu la ted  hydrogen pe rmeab i l i t y  c o e f f i c i e n t ,  +, f o r  se lec ted  5-hr 
cyc les  o f  t h e  endurance run  a t  21 MPa pressure, a re  shown i n  t a b l e  V I .  Th is  
shows t h e  + value va r ied  f rom 3 . 1 0 ~ 1 0 - ~  t o  0 . 0 8 ~ 1 0 - ~  cm2/sec MPa1/2 du r ing  
t h e  500 h r .  These data a re  shown p l o t t e d  w i t h  t h e  data obta ined f rom t h e  
3500-hr endurance run  a t  15 MPa ( f i g .  10).  Note t h a t  t h e  + values f o r  t h e  
two endurance runs are  s i m i l a r  t o  t h e  + value f rom t h e  run a t  15  MPa f a l l i n g  
w i t h i n  t h e  s c a t t e r  obta ined from t h e  f i v e  modules o f  t h e  run  a t  21 MPa. 
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Tubing L ives 
Many o f  t h e  " h a i r p i n "  tubes d i d  n o t  s u r v i v e  t h e  3500-hr endurance run  a t  
15  MPa i n t e r n a l  pressure. The tubes t h a t  contained hel ium had more f a i l u r e s  
than d i d  those t h a t  contained hydrogen due t o  t h e  h ighe r  constant pressure and 
hence s t r e s s  maintained i n  t h e  hel ium-conta in ing tubes, throughout each o f  t h e  
5-hr cyc les a t  820' C. I n  con t ras t ,  t h e  hydrogen pressure g e n e r a l l y  decayed 
w i t h  t i m e  d u r i n g  each 5-hr c y c l e .  
endurance a t  15 MPa pressure a r e  shown i n  t a b l e  V I I .  The tube r u p t u r e  l i v e s  
for t h e  3500-hr endurance run  a t  21 MPa us ing  CG-27 a r e  shown i n  t a b l e  V I I I .  
The tube r u p t u r e  l i v e s  f o r  t h e  3500-hr 
3500 h r  Endurance Run o f  16 A l l o y s  a t  15 MPa and a t  820' C.  
The r e s u l t s  o f  t h e  3500 h r  S t i r l i n g  engine s imu la to r .  t e s t  r i g  endurance 
A f t e r  3500 hr ,  no f a i l u r e s  run a t  15 MPa and 820' C a r e  g iven i n  t a b l e  V I I .  
were noted i n  t h e  " h a i r p i n "  tubes o f  CG-27 and Pyromet 901, regard less o f  t h e  
gas, e i t h e r  he l i um o r  doped hydrogen. Two o t h e r  tubes, 12RN72 and Inconel  625 
which had r u p t u r e  l i v e s  i n  excess o f  3500 h r  f o r  those which contained hydro- 
gen, however, t hey  d i d  have f a i l u r e s  i n  t h e  tubes which contained he l i um a f t e r  
1598 and 2856 h r ,  r e s p e c t i v e l y .  There were no f a i l u r e s  i n  t h e  I n c o l o y  800, 
Sanicro 31H, Inconel  601, 253MA and Sanicro 32 " h a i r p i n "  tubes t h a t  contained 
doped hydrogen, however, these were removed a f t e r  130, 165, 590, 2099 and 
2919 h r ,  r e s p e c t i v e l y ,  due t o  t h e i r  l i m i t e d  l i v e s  when pressur ized w i t h  hel ium. 
Note t h a t  f o r  W-545, 12RN72(cw), and Inconel  750 t h e  r u p t u r e  l i v e s  i n  t h e  
" h a i r p i n "  tubes which contained hydrogen a r e  l e s s  than those t h a t  contained 
hel ium, i n d i c a t i n g  t h a t  t h e r e  may be p o s s i b l e  hydrogen environment degradat ion 
o r  embr i t t lement .  However, t h e  r e s u l t s  o f  t h e  t e n s i l e  t e s t s  d i d  n o t  substan- 
t i a t e  t h i s .  I t  i s  noted t h a t  t h e  Inconel  718(wd) and Inconel  718(a) " h a i r p i n "  
had s i g n i f i c a n t l y  d i f f e r e n t  r u p t u r e  l i v e s ,  514 and 1672 hr ,  r e s p e c t i v e l y .  As 
t h e r e  i s  no s i g n i f i c a n t  d i f f e r e n c e  i n  composi t ion between t h e  two tubes, t h e  
t h r e e - f o l d  improvement i n  performance o f  t h e  Inconel  718(a) i s  a t t r i b u t e d  t o  
i t s  being a seamless tube r a t h e r  than weld-drawn as was t h e  Inconel  718(wd). 
A rank ing  o f  t h e  16 a l l o y s  accord ing t o  t h e  average r u p t u r e  l i v e s  o f  t h e  
tubes t h a t  conta ined he l i um i s  g iven i n  t a b l e  I X  and shown p l o t t e d  i n  
f i g u r e  11. 
excess o f  3500 h r  i n  e i t h e r  t h e  he l i um c o n t a i n i n g  tubes o r  t h e  doped hydrogen 
con ta in ing  tubes. The a l l o y  w i t h  t h e  s h o r t e s t  r u p t u r e  l i f e  was I n c o l o y  800. 
The "ha i rp in ' '  tubes p ressu r i zed  w i t h  he l i um f a i l e d  by creep-rupture i n  118 h r .  
Note t h a t  t h e r e  a r e  eleven " h a i r p i n "  tubes ranked h ighe r  than N-155 (606 h r  
rup tu re ) ,  t h e  a l l o y  c u r r e n t l y  used an hea te r  head tubes i n  p ro to type  highway 
vehic les.  CG-27, Pyromet 901, Inconel  625, W-545, Inconel  718(a), 12RN72, 
HS-188, 12RN72(cw), 253MA, Sanicro 32 and Inconel  750 a l l  had r u p t u r e  l i v e s  
g r e a t e r  than 700 h r .  The remaining tubes ranked lower than N-155. I n  descend- 
i n g  o rde r  they  a r e  19-9DL, Inconel  601, Inconel  718(wd), A-286, Sanicro 31H and 
I n c o l o y  800. 
The two a l l o y s  CG-27 and Pyromet 901 both had r u p t u r e  l i v e s  i n  
3500 h r  Endurance t e s t  o f  CG-27 a t  21 MPa and 820" C 
The r e s u l t s  o f  t h e  3500-hr endurance run a t  21 MPa pressure f o r  t h e  CG-27 
a l l o y  a r e  shown i n  t a b l e  V I I I .  
and f i v e  w i t h  hel ium. 
Ten modules were tes ted ,  f i v e  w i t h  hydrogen 
No creep-rupture f a i l u r e s  occurred i n  e i t h e r  t h e  doped 
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hydrogen o r  he l ium pressur ized " h a i r p i n "  when tes ted  a t  820" C .  
d i d  occur, bu t  these are  a t t r i b u t e d  t o  h igh  temperatures caused by a de fec t i ve  
heat -sh ie ld  and a 270" C over-temperature sp ike.  
can be seen on t h e  module on t h e  r i g h t  s ide  o f  f i g u r e  12. It has e s s e n t i a l l y  
eroded away du r ing  t h e  endurance run. 
a temperature est imated t o  be 40" t o  60" C h ighe r  than i n  modules w i t h  i n t a c t  
heat-sh ie lds.  The f a i l u r e s  i n  t h e  tubes o f  modules 6 and 10 occurred immedi- 
a t e l y  a f t e r  an over-temperature mal func t ion  i n  t h e  r i g  a t  1075 h r  i n t o  the  
3500-hr endurance run. Dur ing t h e  over-temperature sp ike  t h e  modules were i n  
excess o f  1090" C f o r  6 t o  10 min. No f a i l u r e s  occurred i n  t h e  remaining seven 
modules which ran  f o r  t h e  f u l l  3500 h r  a t  820" C and 21 MPa pressure.  
Three f a i l u r e s  
The d e f e c t i v e  heat -sh ie ld  
This l oss  o f  t h e  heat -sh ie ld  resu l ted  i n  
Tens i le  Proper t ies  
Tens i l e  p r o p e r t i e s  o f  t h e  unexposed tub ing  were determined where m a t e r i a l  
a v a i l a b i l i t y  permi t ted .  The endurance tes ted ,  exposed, " h a i r p i n "  tubes o f  a l l  
a l l o y s  were sect ioned f o r  t e n s i l e  t e s t i n g  t o  determine t h e  e f f e c t  o f  r i g  
environment on t h e  t e n s i l e  p roper t i es .  Each o f  t h e  a l l o y s  had been exposed t o  
hydrogen doped w i t h  1.0 v o l  X C02, he l ium and t h e  burner combustions products.  
Both room temperature and h igh  temperature (820" C )  t e n s i l e  t e s t s  were con- 
ducted. The r e s u l t s  o f  these t e s t s  f o r  t h e  two 3500-hr endurance runs a re  
descr ibed i n  t h e  f o l l o w i n g  sect ions.  
TENSILE PROPERTIES OF 15 MPa TESTED ALLOYS 
Room Temperature 
The room temperature t e n s i l e  p roper t i es  o f  t h e  t u b i n g  a l l o y s  both p r i o r  
t o  t h e  endurance runs as w e l l  as a f t e r  a re  presented i n  t a b l e  X and f o r  t h e  
3500-hr endurance run w i t h  16 a l l o y s  a t  15 M F I  and shown g r a p h i c a l l y  i n  
f i g u r e  13. 
The room temperature t e n s i l e  p roper t i es  o f  t h e  16 a l l o y s ,  p r i o r  t o  use i n  
t h e  endurance t e s t  a t  15 MPa pressure are  g iven i n  t a b l e  X. 
s t rengths  ranged from a low o f  552 MPa for  I nco loy  800 t o  a h igh  o f  1364 MPa 
f o r  CG-27. The t e n s i l e  e longat ion  f o r  a l l o y s  were good and ranged from 
14.5 percent  f o r  t h e  h igh  s t reng th  CG-27 t o  60.3 percent  f o r  19-9DL. 
exposure i n  t h e  r i g  r e s u l t e d  i n  s i g n i f i c a n t  losses i n  u l t i m a t e  s t reng th  f o r  
s i x  o f  t h e  " h a i r p i n "  tubes, W-545, 19-9DL, Inconel  718(a), Inconel  750, Pyromet 
901, and Sanicro 32, CG-27. The g rea tes t  l oss  i n  s t reng th  occurred i n  t h e  
W-545 tub ing ,  where t h e  u l t i m a t e  t e n s i l e  s t reng th  was reduced from 988 MPa f o r  
t h e  unexposed m a t e r i a l  t o  254 MPa. The u l t i m a t e  s t reng th  o f  t h e  Incone l  750 
dropped from 1197 t o  553 MPa, Pyromet 901 dropped from 1221 t o  591 MPa, and 
Sanicro 32 dropped from 598 t o  347 MPa. The u l t i m a t e  s t reng th  o f  CG-27 dropped 
f rom 1364 t o  736 MPa and 19-9DL dropped from 767 t o  420 MPa. Losses i n  duc- 
t i l i t y  ranged f rom 38 percent  f o r  CG-27 exposed t o  hydrogen t o  95 percent  l oss  
i n  d u c t i l i t y  f o r  Sanicro 32 exposed t o  hydrogen. Exposure i n  t h e  r i g  resu l ted  
i n  l i t t l e  o r  no l o s s  i n  u l t i m a t e  s t reng th  a t  room temperature i n  f o u r  o f  t h e  
" h a i r p i n "  tubes; N-155, A-286, Inconel  601, and 253MA. There were, however, 
l a r g e  losses i n  d u c t i l i t y  i n  th ree  o f  t h e  f o u r  a l l o y s ,  a 24 percent  l oss  f o r  
N-155, 70 percent  loss  f o r  A-286 and a 65 percent  l oss  f o r  253MA. These losses 
were s i m i l a r  f o r  t h e  tubes t h a t  contained hel ium o r  hydrogen, i n d i c a t i n g  an 
The u l t i m a t e  
Hydrogen 
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aging e f f e c t .  The d u c t i l i t y  o f  t h e  Inconel  601 improved s l i g h t l y ,  f rom 40 t o  
45 percent .  
t e n s i l e  s t reng th  f o r  two o f  t h e  " h a i r p i n "  tubes, HS-188, Inconel  718(wd), 
Helium exposures showed s i m i l a r  gains i n  t h r e e  " h a i r p i n "  tubes, Incone l  625, 
I nco loy  800 and Sanicro 32. General ly,  t he  gains i n  s t reng th  were n o t  la rge ,  
however, t h e  Inconel  718(wd) w i t h  he l ium improved from 875 t o  956 MPa. The 
changes i n  d u c t i l i t y  f o r  these f i v e  " h a i r p i n "  tubes ranged f rom a l oss  o f  23 
percent  f o r  I n c o l o y  800 ( i n  hel ium) t o  a loss  o f  95 percent  f o r  Sanicro 32 ( i n  
doped hydrogen). 
Doped hydt-ogen exposure i n  t h e  r i g  r e s u l t e d  i n  a ga in  i n  u l t i m a t e  
The t e n s i l e  data f o r  CG-27 p r i o r  t o  and a f t e r  r i g  exposure a t  21 MPa f o r  
3500 h r  a t  820' C a re  g iven i n  t a b l e  X I 1  and a re  shown g r a p h i c a l l y  i n  
f i g u r e  15. The room temperature (25" C )  u l t i m a t e  t e n s i l e  s t r e n g t h  was 1364 MPa 
and the  t e n s i l e  e longa t ion  was 14.5 percent .  The e leva ted  temperature t e n s i l e  
s t reng th  (820') was 529 MPa and t h e  t e n s i l e  e longa t ion  was 14 percent .  Note 
t h a t  both t h e  doped hydrogen and he l ium con ta in ing  tubes were degraded about 
t h e  same amount when t e s t e d  a t  room temperature o r  820" C, i n d i c a t i n g  an aging 
e f f e c t  r a t h e r  than an environment e f f e c t .  The he l ium tube l o s s  544 MPa 
(40 percent)  and t h e  doped hydrogen tube l o s s  577 MPa (42 percent ) .  
The 820' C t e n s i l e  p r o p e r t i e s  o f  t h e  t u b i n g  a l l o y s  both p r i o r  t o  t h e  en- 
The e leva ted  temperature s t reng th  a t  820" C ranged from 
durance runs as w e l l  as a f t e r  a re  presented i n  t a b l e  X I  and are  shown graph-  
i c a l l y  i n  f i g u r e  14. 
138 MPa f o r  Sanicro 31H t o  540 MPa f o r  Inconel  718(a).  
a t  820' C ranged from 14 percent  f o r  CG-27 t o  70.2 percent  f o r  Sanicro 31H. 
The t e n s i l e  e longa t ion  
Exposure i n  t h e  r i g  a t  1 5  MPa a t  820' C r e s u l t e d  i n  l a r g e  losses i n  u l t i -  
mate s t reng th  f o r  seven o f  t h e  18 " h a i r p i n "  tubes. The g rea tes t  losses i n  
s t reng th  occurred i n :  W-545, -64 percent ;  Inconel  718(a), -45 percent ;  Pyromet 
901, -43 percent ;  Inconel  718(wd), -35 percent ;  Incone l  750, -35 percent ;  
CG-27, -32 percent ;  and 19-9DL. -30 percent .  There were minor  losses i n  
s t reng th  i n  seven o t h e r  " h a i r p i n "  tubes: N-155, A-286, Inco loy  800, 253MA, 
Sanicro 32, Incone l  601, and HS-188. There were s l i g h t  ga ins i n  s t reng th  I n  
two: Incone l  625, and Sanicro 31H. The abso lu te  s t reng th  o f  t h e  a l l o y s  a f t e r  
exposure i n  t h e  r i g  i s  o f  importance i n  rank ing  t h e  a l l o y s .  The " h a i r p i n "  
tubes w i t h  t h e  h ighes t  u l t i m a t e  s t r e n g t h  a f t e r  r i g  exposure t o  hydrogen were 
CG-27 (378 MPa), Inconel  625 (342 MPa), HS-188 (342 MPa), Incone l  718(wd) 
(339 MPa), Incone l  718(a) (318 MPa) and Pyromet 901 (300 MPa). 
There were l a r g e  losses i n  d u c t i l i t y  a f t e r  r i g  exposure i n  f o u r  o f  t h e  
" h a i r p i n "  tubes: W-545, -77 percent ;  19-9DL, -53 percent ;  Pyromet 901, 
-50 percent  and Sanicro 31H, -28 percent .  As noted prev ious ly ,  t h e r e  were 
a l s o  l a r g e  losses i n  u l t i m a t e  s t reng th  i n  t h r e e  o f  these f o u r  W-545, 19-9DL. 
and Pyromet 901. I n  s i x  o f  t h e  " h a i r p i n "  tubes t h e r e  were gains i n  d u c t i l i t y  
a f t e r  r i g  exposure. This  occurred i n  CG-27, +207 percent ;  Incone l  718(wd), 
+205 percent ;  Incone l  718(a),  +148 percent ;  N-155, +137 percent ;  Incone l  750, 
t83 percent ;  and A-286, i -72 percent .  Genera l ly  t h i s  ga in  i n  d u c t i l i t y  a t  
820' C was accompanied by a decrease i n  u l t i m a t e  t e n s i l e  s t reng th  a t  820" C .  
TENSILE PROPERTIES OF 21 MPa TESTED CG-27 
10 
DISCUSSION 
The r e s u l t s  o f  t h e  3500-hr endurance run a t  15 MPa pressure show t h a t  
eleven o f  t h e  " h a i r p i n "  tubes s tud ied had longer  l i v e s  than d i d  t h e  c u r r e n t l y  
used N-155 (606 h r ) .  The temperature d i s t r i b u t i o n  i n  t h e  r i g s  may account f o r  
some o f  t h e  a l l o y s  being s t ronger  than N-155 s ince N-155 was a t  t h e  h ighest  
temperature i n  Rig A.  Two a l l o y s ,  CG-27 and Pyromet 901 had no f a i l u r e s  i n  
3500 h r  and two o t h e r  a l l o y s  Inconel  625 and W-545 had l i v e s  o f  2856 and 
2777 hr ,  r e s p e c t i v e l y .  
contained hydrogen were g e n e r a l l y  longer  than those t h a t  contained helium. 
This  i s  due t o  t h e  constant h ighe r  pressure maintained i n  t h e  hel ium modules. 
The r e s u l t s  f o r  Inconel  750, W-545, 12RN72(cw) and 19-9DL show t h a t  t he  " h a i r -  
p i n "  tubes t h a t  contained hydrogen had e a r l i e r  f a i l u r e s  than d i d  t h e  tubes t h a t  
contained hel ium. These t8hai rp in '1  tubes a l s o  had l a r g e r  t e n s i l e  p roper t y  deg- 
r a d a t i o n  i n  t h e  modules t h a t  contained hydrogen ( t a b l e  X I I I ) .  
a r e  i n d i c a t i o n s  o f  poss ib le  hydrogen embr i t t lement  i n  these m a t e r i a l s .  
The f a i l u r e  t imes f o r  t h e  modules o f  a g iven a l l o y  t h a t  
These r e s u l t s  
Comparison o f  t h e  f a i l u r e  t imes o f  t h e  Inconel  718(wd) and Inconel  718(a) 
The s i g n i f i c a n t  d i f f e r -  
as shown i n  t a b l e  V I 1  shows t h a t  t he  Inconel  718(a) had s u b s t a n t i a l l y  longer  
l i f e  i n  both hydrogen f i l l e d  and hel ium f i l l e d  tubes. 
ence between t h e  two tubes i s  t h e  methods o f  f a b r i c a t i o n ,  Inconel  718(wd) being 
weld-drawn and Inconel  718(a) being seamless. The absence o f  a weld f u s i o n  
l i n e  i n  t h e  Inconel  718(a) e l im ina tes  a h igh  temperature f r a c t u r e  prone zone 
and thus extends t h e  l i f e  a t  820" C.  The f a i l u r e  t i m e  improved from 514 h r  f o r  
Inconel  718(wd) he l ium f i l l e d  tubes t o  1672 h r  f o r  t h e  hel ium f i l l e d  Inconel  
718(a) seamless tubes. 
The r e s u l t s  o f  t h e  two 3500-hr endurance runs again show t h a t  hydrogen 
permeates through t h e  h o t  tube w a l l s  and must be replenished p e r i o d i c a l l y ,  
whereas hel ium i s  r e a d i l y  contained i n  t h e  " h a i r p i n "  tubes f o r  each 5-hr c y c l e  
a t  temperature o f  820" C and pressures o f  15 and 21.6 MPa. The r a t e  o f  hydro- 
gen permeation was found t o  be s u b s t a n t i a l l y  .educed i n  most a l l o y s  w i t h  t h e  
use o f  1.0 v o l  X carbon d i o x i d e  as a dopant ' , I  t h e  hydrogen. 
hydrogen permeation was found n o t  t o  be constant b u t  r a t h e r  i s  v a r i a b l e  and i s  
i n f l uenced  by a l l o y  composi t ion and 02/C02 content  o f  t h e  hydrogen used. 
The reduc t i on  o f  hydrogen p e r m e a b i l i t y  du r ing  t h e  endurance t e s t  i s  thought t o  
be a s s o c i a t e d  w i t h  t h e  f o r m a t i o n  o f  a v e r y  t h i n  o x i d e  f i l m  on the  i n s i d e  s u r -  
face o f  t h e  tube. 
herent,  however, i n  t h e  19-9DL tubes t h e  ex te rna l  f i r e - s i d e  ox ide s p a l l e d  
severe ly ,  thus reducing t h e  tube w a l l  th ickness.  This behavior was a l s o  found 
i n  t h e  endurance runs p r e v i o u s l y  conducted a t  820" and 860" C (descr ibed i n  
r e f .  5 ) .  As would be expected 19-9DL had the  h ighes t  apparent hydrogen perme- 
a b i l i t y  of a l l  a l l o y s .  I n  general  t h e  
nickel-base a l l o y  tubes had lower hydrogen p e r m e a b i l i t y  c o e f f i c i e n t s  than t h e  
iron-base a l l o y  tubes o r  t h e  cobalt-base a l l o y  tubp. 
12RN72 and 12RN72(cw) tubes had low hydrogen ermeation c o e f f i c i e n t s ,  
0 . 1 3 ~ 1 0 - ~ ,  0 . 1 8 ~ 1 0 - ~ ,  and 0 . 3 1 ~ - ~  cm2/sec MPa7/2, r e s p e c t i v e l y  a f t e r  250 h r .  
Examination o f  f i g u r e  16 shows t h a t  o n l y  t h r e e  " h a i r p i n "  tubes, 253MA, W-545 
and 19-9DL had hydrogen p e r m e a b i l i t y  c o e f f i c i e n t s  above 1 . O X ~ O - ~  cm2/sec MPafi2 
Thus i t  can be concluded t h a t  t he  1.0 v o l  X carbon d i o x i d e  as a dopant i n  t h e  
hydrogen was e f f e c t i v e  i n  reducing t h e  r a t e  o f  hydrogen permeation w h i l e  a t  
820" C.  I n  view o f  t h e  very low p e r m e a b i l i t y  c o e f f i c i e n t s  o b t a i n  us ing  hydro- 
gen doped w i t h  1.0 v o l  % C02 t h e  p o s s i b i l i t y  e x i s t s  t h a t  a reduced dopant 
l e v e l ,  below 1.0 v o l  X ,  may be s u i t a b l e  f o r  use i n  a commercial veh ic le .  Also, 
The r a t e  o f  
The e x t e r n a l  ox ide on most a l l o y s  s tud ied  was t i g h t l y  ad- 
This i s  shown p l o t t e d  i n  f i g u r e  16. 
However, t h e  CG-27, 
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i t  appears t h a t  t he  
2 . 5 ~ 1 0 - ~  cm2/sec MPaq/2 f o r  commercial veh ic les  can r e a d i l y  be achieved w i t h  
most o f  t he  a l l o y s  s tud ied.  
o a l  of a hydrogen pe rmeab i l i t y  c o e f f i c i e n t  i n  t h e  order  of  
SUMMARY OF RESULTS 
Endurance t e s t i n g  o f  s i x teen  tub ing  a l l o y s  i n  a d i e s e l - f u e l - f i r e d  S t i r l i n g  
engine s imu la to r  ma te r ia l s  t e s t  r i g  f o r  3500 h r  a t  820" C w h i l e  pressur ized 
w i th  e i t h e r  hydrogen doped w i t h  1.0 vo l  X C02 o r  he l ium had the  f o l l o w i n g  
r e s u l t s :  
(1 )  The CG-27 and Pyromet 901 tubes d i d  no t  f a i l  du r ing  the  3500 h r  en- 
The remaining 16 tubes, pressur ized w i t h  durance run  a t  t he  15 MPa pressure.  
he l ium f a i l e d  by creep-rupture.  
(2 )  No creep-rupture f a i l u r e s  occurred i n  t h e  CG-27 tubes when endurance 
t e s t  a t  21.6 MPa. 
(3 )  The 1.0 vo l  % CO as a dopant i n  hydrogen was e f f e c t i v e  i n  reducing 
hydrogen permeation a t  820 ? C.  
( 4 )  Most a l l o y s  l o s t  hydrogen r a p i d l y  du r ing  t h e  e a r l y  5-hr segment o f  
t he  endurance t e s t ,  however, o n l y  th ree  a l l o y s ,  iron-based 19-9DL, W-545, and 
253NA had hydrogen pe rmeab i l i t y  c o e f f i c i e n t s ,  0 ,  above 1 . O X ~ O - ~  cm2/sec MPal/* 
a t  t h e  end o f  t he  t e s t .  
( 5 )  The pe rmeab i l i t y  c o e f f i c i e n t s ,  4, o f  t h e  n icke l -base a l l o y s  were 
i n  general ,  lower than those o f  t h e  iron-base o r  cobalt-base a l l o y s .  However, 
t h ree  iron-based tubes CG-27, 12RN72, and 12RN72(cw) had t$ values below 
0 . 0 6 ~ 1 0 - ~  cm2/sec MPa1i2, lower than t h e  nickel-base a l l o y s .  
(6 )  Tens i l e  t e s t s  conducted on t h e  r i g  exposed tubes showed t h a t  t h e  
CG-27 a l l o y  has i d e n t i c a l  room temperature u l t i m a t e  s t reng th  as t h e  N-155 a l l o y  
and t h e  820' u l t i m a t e  s t reng th  o f  CG-27, 360 MPa, i s  100 MPa g rea te r  than t h e  
N-155. 
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TABLE 11. - HYDROGEN ANALYSIS OF HYDROGEN USED I N  THE TWO ENDURANCE RUNS 
He CO CH4 
387 - 720 
720 - 1088 
1088 - 1546 
1546 - 2060 
2060 - 2550 
2550 - 2705 
2705 - 3324 
3324 - 3500 
618258 
680925 
573098 
486222 
277027 
685865 
467562 
124519 
525 - 1222 
1222 - 1938 
1938 - 2743 
2743 - 3180 
377374 
643981 
376849 
449089 
1045 - 2785 
2785 - 3500 
67634 
112878 
Ana lys i s ,  v o l  % T e s t  t ime,  B o t t l e  
number 
R i g  A - 15 MPa 
0 - 387 I 727506 1.05 
1.10 
.98 
1.11 
.98 
.99 
.90 
0.075 
.086 
.oooo 
.0885 
0.002 
.002 . 0000 
.0136 
_____-  
.0219 
.0171 
- - - - - - I  - ----- 
I
R i g  B - 15 MPa 
1.08 
1.12 
1.02 
.91 
.91 
.88 
3180 - 3340 577823 
3340 - 3500 I 478101 
R i g  A 
(CG-27 a t  21 MPa) 
__.___-__ 
.90 same l o t  as 467562 
- 
1 . 0 4 r  
1.04 
0 - 1045 I 12459 
TABLE 111. - G R A I N  S I Z E  OF " H A I R P I N "  TUBES 
BEFORE AN0 AFTER R I G  EXPOSURE 
I M a t e r i a l  Unexposed 
g r a i n  s i ze ,  
"2 
~ 
G r a i n  
s i z e ,  
um 
~ 
17 
51 
47 
26 
107 
64 
15 
11 
21 
11 
22 
38 
16 
28 
16 
33 
54 
10 
~ 
~ 
; r a i n  
; ize,  
~ 
16 
55 
44 
25 
113 
69 
16 
18 
21 
13 
21 
34 
16 
27 
17 
31 
52 
1 0  
~ 
:xposure 
t ime,  
h r  
.xposure 
t ime ,  
3500 
2895 
1272 
1948 
1863 
1007 
3110 
555 
1450 
17 
54 
46 
25 
36 
61 
10 
9 
21 
11 
19 
33 
16 
23 
14 
32 
46 
7 
a1 725 
435 
130 
450 
2624 
3500 
1068 
1436 
2099 
165 
291 9 
590 
3500 
565 
1990 
1494 
3500 
2326 
N-155 
A-286 
I n c o l o y  800 
19-9DL 
CG-27 
w-545 
12RN72 
12RN72(cw) 
253MA 
S a n i c r o  31H 
S a n i c r o  32 
I n c o n e l  601 
I n c o n e l  625 
I n c o n e l  718(wd) 
I n c o n e l  718 (a )  
I n c o n e l  750 
Pyromet 901 
HS-188 
aExposure t i m e  i n  r i g ;  hours a t  820" C. 
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TABLE V .  - R A N K I N G  OF TUBES AS TO 
APPARENT HYDROGEN PERMEABILITY 
COEFFICIENT 
250 
a500 
- 
tank 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
1 6  
17 
18 
- 
- 
.31 .25 .27 .16 .25 
.ll .21 ---- .08 .092 
Tube 
Pyromet 901 
CG-27 
I n c o n e l  601 
I n c o n e l  718(wd) 
I n c o n e l  750 
12RN72( c w )  
I n c o n e l  718(a)  
12RN72 
I n c o n e l  625 
N- 155 
A-286 
HS-188 
I n c o l o y  800 
S a n i c r o  32 
S a n i c r o  31H 
253MA 
w-545 
19-9DL 
a f t e r  250 h r  
0,064 
. i a  
.18 
.23 
.31 
.33 
.37 
.57 
.69 
a.76 
.85 
2.47 
3.80 
5.05 
b.99 
' A f t e r  100 h r  - f a i l e d  a t  130 h r .  
] A f t e r  100 h r  - f a i l e d  a t  165 h r .  
TABLE V I .  - APPARENT HYDROGEN 
PERMEABILITY COEFFICIENT 
- 0 FOR CG-27 TESTED AT 
2 1  MPa and 820' C 
\Exposure  I Q, 1V6, cm2/sec MPa1I2 
5 3.10 2.65 2.52 1.46 1.36 
1.05 1.06 1.09 1 $00 1 .71 1 . 4 0 1  . 1 8 1  :6362 I ::! 
I 100 I .39 I ; 26  I ;39 I ;22 I ;28 
a A f t e r  500 h r  p ressu res  mon i to red  b u t  
n o t  recorded.  
TABLE V I I .  - RUPTURE LIVES FOR " H A I R P I N "  TUBES ENDURANCE TESTED AT 
15 MPa AND 820" C FOR 3500 h r  
A l l o y  
N-155 
A-286 
I n c o l o y  800 
19-9DL 
CG-27 
w-545 
12RN72 
12RN72( cw) 
253MA 
S a n i c r o  31H 
S a n i c r o  32 
I n c o n e l  601 
I n c o n e l  625 
I n c o n e l  718(wd) 
I n c o n e l  718(a) 
I n c o n e l  750 
Pyromet 901 
HS-188 
Environment 
He 
H2 
H2  
H2  
He 
H2 
He 
H2 
He 
H2 
He 
H2 
He 
H2 
H2 
H2 
HZ 
H2 
H2 
He 
H Z  
He 
H2 
HZ 
H2 
He 
H2 
He 
He 
He 
He 
He 
He 
He 
He 
He 
Rupture l i f e ,  
h r  
535, 571, 576, 743 
778, 955, 1209, 1535, 1725 
339, 424, 435 
400, 422, 435 
106, 130 
No f a i l u r e s  (remcved - 130 h r )  
610, 640, 685, 707 
525, 555, 605, 720 
None i n  3500 h r  
None i n  3500 h r  
2295, 2864, 2974, 2974 
1911, 2834 
1262, 1412, 1652, 1677, 1978 
None i n  3500 h r  
1087, 1172, 1912 
1021, 1097, 1245, 1436 
1016, 1053, 1148, 1863 
None i n  2099 h r  
145, 163, 165 
None i n  165 h r  
680, 695, 950, 1OGl 
None i n  2919 Irr 
545, 566, 59r 
None i n  590 tir 
2603, 3110 
None i n  3500 h r  
475, 495, 522, 536, 545 
525, 1005 
1208, 1480, 1496, 1505 
1821, 1990, 2040, 2040 
640, 850, 899 
281, 715, 715 
None i n  3500 h r  
None i n  3500 h r  
1252, 1410, 1445, 1463 
1415, 1486, 1916, 2326 
Average 
h r  
606 
1240 
399 
41 9 
118 
a130 
601 
601 
a3500 
a3500 
2777 
2372 
1598 
a3500 
1374 
1200 
1273 
a2099 
154 
a 165 
878 
a291 9 
567 
a590 
2856 
a3500 
514 
7 6 5  
1672 
1925 
796 
570 
a3500 
a3500 
1392 
1785 
aModule removed f r o m  t e s t  r i g  un rup tu red .  
TABLE V I I I .  - RUPTURE LIVES FOR 
CG-27 ENDURANCE TESTED FOR 
3500 h r ,  AT 21 MPa AN0 820' C 
Module 
number 
Rupture  l i f e ,  Averagi  
h r  t ime,  
h r  
C l  2624, 3393 
6 1075, 1100, 1115 
8 None 
3008 
4 
3008 
1097 ----- 
8 ( 8 )  
d9 ( 9 )  
10 (10) 
a T r a n s f e r r e d  t o  R i g  A a f t e r  1570 h r .  
 NO c r e e p - r u p t u r e  f a i l u r e s .  
CHeat  s h i e l d  f a i l e d  w h i l e  i n  R i g  A. 
d F a i l u r e  due t o  270" C over  tempera- 
t u r e  sp ike .  
None. b3500 
None b3500 
1075 1075 
TABLE I X .  - RANKING OF TUBES BY RUPTURE 
LIVES I N  15 MPa HELIUM AT 820' C 
5 
6 
8 
9 
7 
A l l o y  
Pyromet 901 
I n c o n e l  625 
w-545 
I n c o n e l  718(a) 
12RN72 
12RN72(cw) 
253MA 
HS-188 
19-9DL 
I n c o n e l  601 
I n c o n e l  718(wd) 
S a n i c r o  31H 
Average r u p t u r e  l i f e  
i n  h e l i u m  tubes. 
h r  
3500 
3500 
2856 
2777 
1672 
1598 
1392 
1374 
1273 
878 
796 
606 
60 1 
567 
514 
399 
154 
118 
aNo c r e e p - r u p t u r e  f a i l u r e s ,  ranked 
a l p h a b e t i c a l l y .  
TABLE x. - ROOM TEMPERATURE TENSILE PROPERTIES~ OF TUBING BEFORE AND 
AFTER ENDURANCE TESTING AT 820' C I N  EITHER 15 MPa H2 + 1% C02 o r  He 
A l l o y  
N-155 
A-286 
I n c o l o y  800 
19-9DL 
CG-27 
El-545 
12RN72C 
1 2 R N 7 2 ( ~ w ) ~  
!53MA 
; m i c r o  31H 
i a n i c r o  32 
nconel  601 
nconel  625 
R i g  
env i ronment  
Unexposed 
He1 ium 
Hydrogen 
Unexposed 
He l i um 
Hydrogen 
Unexposed 
Hel ium 
Hydrogen 
Unexposed 
He l i um 
Hydrogen 
Unexposed 
He1 i um 
Hydrogen 
Unexposed 
He l i um 
Hydrogen 
Unexposed 
He1 ium 
Hydrogen 
Unexposed 
Hel ium 
Hydrogen 
Unexposed 
Hel ium 
Hydrogen 
Unexposed 
Hel ium 
Hydrogen 
Unexposed 
Hel ium 
Hydrogen 
Unexposed 
He1 i um 
Hydrogen 
Unexposed 
He1 i um 
Hydrogen 
~ 
R i g  
nxposur 
t ime ,  
h r  
_ _ _ _  
743 
1725 
- - -_ 
435 
422 
_ -__  
130 
130 
_ - _ _  
483 
605 
3500 
3500 
2974 
3500 
---- 
1948 
3500 
_ _ - _  
2826 
1912 
---- 
1863 
2099 
---_ 
163 
165 
- - -_ 
680 
2919 
---- 
555 
590 
- -__  
2856 
3500 
'Average o f  two t e s t s  excep t  where noted.  
MPa 
480 
285 
337 
212 
225 
214 
181 
225 
199 
290 
312 
357 
899 
597 
474 
508 
370 
149 
---- 
291 
275 
_ - -_  
357 
295 
3 30 
355 
S I  
92 
235 
239 
290 
283 
248 
291 
233 
241 
433 
523 
515 
1.2 pe rcen t  
) f f s e t  y i e l d  
s t r e n q t h ,  
- 
- 
U 1 t ima te  
t e n s i l e  
s t r e n g t h ,  
MPa 
878 
785 
761 
635 
508 
476 
552 
570 
551 
767 
524 
420 
1364 
757 
736 
988 
b540 
254 
---- 
586 
518 
_ - -_  
61 1 
558 
731 
615 
692 
560 
557 
576 
5 98 
553 
347 
665 
536 
585 
874 
904 
848 
f l o n g a t  i on ,  
p e r c e n t  
45 
34 _ - _ _ _  
45.7 
13.5 
10 
39 
30 
35 
60.3 
5 
14.5 
8 
9 
32 
8 
3 
-_-_-  
---_- 
44 
25 
_ - _ _ _  
b26 
b2 8 
57 
20 
24 
42 
25 
42 
42.8 
2 
40  
42 
45 
53 
31 
_ _ - _ _  
----- 
b i n g l e  t e s t .  
CLack o f  s u f f i c i e n t  m a t e r i a l  p rec luded  unexposed t e n s i l e  t e s t i n g  
TABLE X .  - CONCLUDED. 
R i g  
rxposure 
t ime,  
h r  
---- 
495 
565 
_ - _ _  
1480 
2100 
--_- 
1060 
1495 
---_ 
3500 
3500 
0.2 p e r c e n t  
o f f s e t  y i e l d  
s t r e n g t h ,  
MPa 
404 
610 
558 
543 
394 
475 
722 
333 
355 
842 
729 
350 
i s - 1 8 8  
I n c o n e l  718(wd) 
I n c o n e l  718(a)  
I n c o n e l  750 
Pyromet 901 
Unexposed 
He l ium 
Unexposed 
He1 ium 
Hydrogen 
Unexposed 
He1 i urn 
Hydrogen 
Unexposed 
He1 i um 
Hydrogen 
Unexposed 
He l ium 
Hydrogen 
---- 404 
1463 1 584 
2326 574 
,l t i  mat e 
t e n s i l e  
t r e n g t h ,  
MPa 
875 
956 
894 
984 
792 
721 
1197 
553 
1221 
1095 
591 
875 
985 
928 
838 
aAverage o f  two t e s t s  except  where no ted .  
b~ i n g l  e t e s t .  
CLack o f  s u f f i c i e n t  m a t e r i a l  p r e c l u d e d  unexposed t e n s i l e  t e s t i n g .  
I l o n g a t i o n  
p e r c e n t  
41.5 
29 
25.6 
44.5 
22 __-_-  
23 __ -__  
TABLE X I .  - TENSILE PROPERTIES AT 820" C a  OF TUBING ALLOYS 
BEFORE AND AFTER ENDURANCE TESTING AT 820' C I N  EITHER 
15 MPa H2 + 1% COP o r  He 
A1 l o y  
N-155 
A-286 
I n c o l o y  800 
19-90L 
CG-27 
w-545 
1 Z R N 7 F  
1 2 R N 7 2 ( c ~ ) ~  
253MA 
S a n i c r o  31H 
S a n i c r o  32 
I n c o n e l  601 
I n c o n e l  625 
~ 
R i g  
environment 
Unexposed 
He l ium 
Hydrogen 
Unexposed 
He l ium 
Hydrogen 
Unexposed 
He1 i um 
Hydrogen 
Unexposed 
He l ium 
Hydrogen 
Unexposed 
He l ium 
Hydrogen 
Unexposed 
He l ium 
Hydrogen 
Unexposed 
He l ium 
Hydrogen 
Unexposed 
He l ium 
Hydrogen 
Unexposed 
He1 i um 
Hydrogen 
Unexposed 
He1 ium 
Hydrogen 
Unexposed 
He1 ium 
Hydrogen 
Unexposed 
He1 ium 
Hydrogenb 
Unexposed 
He1 i um 
Hydrogen 
R i g  
!xposure 
t ime,  
h r  
_ _ _ _  
743 
1725 
_ _ _ _  
435 
435 
_ _ _ _  
130 
130 
_ _ _ _  
483 
605 
---- 
3500 
3500 
- - -_ 
2974 
3 500 
---- 
1948 
3500 
_--- 
2826 
1912 
_--- 
1863 
2099 
_ _ _ _  
163 
165 
---- 
695 
2919 
_--- 
555 
5 90 
---- 
2856 
3500 
M P a  ' 
244 
163 
178 
157 
145 
127 
91 
121 
108 
147 
115 
154 
363 
275 
233 
398 
128 
142 
_--_ 
196 
121 
I, 
14 
137 
140 
110 
122 
123 
137 
127 
114 
149 
154 
148 
225 
258 
272 
_--- 
1.2 p e r c e n t  
I f f s e t  y i e l d  
s t r e n a t h .  
- 
~ 
U 1 t i  mate 
t e n s i l e  
s t r e n g t h ,  
MPa 
296 
249 
258 
199 
176 
174 
162 
161 
152 
230 
159 
183 
529 
378 
356 
417 
147 
158 
_--- 
226 
167 
---- 
178 
163 
190 
157 
171 
138 
136 
152 
148 
139 
137 
175 
177 
170 
309 
348 
342 
aAverage o f  two t e s t s  except  : h e r e  no ted .  
b s i n g l e  t e s t .  
CLack o f  s u f f i c i e n t  m a t e r i a l  p r e c l u d e d  unexposed t e n s i l e  t e s t i n g .  
l o n g a t i o n ,  
o e r c e n t  
b24. 5 
57.5 
5 0  
29 
5 0  
44 
62 
53 
52 
37.5 
16  
10  
14 
43.5 
30.5 
20 _---- 
4.5 
----- 
----- 
58 
----- 
54 
5 6  
44.8 
36 
52 
70.2 
55 
50 
----- 
34 ----- 
52.5 
46 
45 
----- 
43 
47 
TABLE X I .  - CONCLUDED. 
R i g  R i g  0.2 p e r c e n t  U l t i m a t e  
env i ronment  exposure  o f f s e t  y i e l d  t e n s i l e  
A l l o y  
E l o n g a t i o n  
p e r c e n t  
I n c o n e l  718(wd) 
I n c o n e l  718(a)  
I n c o n e l  750 
Pyromet 901 
HS-188 
---- 
3500 
3500 
R i g  
environment 
899 1364 14.5 
576 820 2.8 
551 787 2.3 
Unexposed 
He l ium 
Hydrogen 
Unexposed 
He l ium 
Hydrogen 
Unexposed 
He l ium 
Hydrogen 
Unexposed 
He l ium 
Hydrogen 
Unexposed 
He l ium 
Hydrogen 
He 
H2 + 1% COz 
R i g  
txposure 
t ime, 
h r  
3500 272 355 32.9 
3500 273 346 29.5 
____ 
555 
565 
_ _ _ _  
1480 
2 100 
_--_ 
1060 
1495 
_ _ _ _  
3500 
3500 
---- 
1463 
2326 
- 
233 
526 
254 
267 
399 
130 
172 
359 
270 1 
305 
519 
4 59 
339 
5 40 
302 
3 18 
404 
284 
260 
512 
289 
300 
397 
349 
342 
I 
i l o n g a t i o n ,  
o e r c e n t  
b l 9  
42 
58 
25 
62 
54 
21.5 
40 ---_- 
24 
12 
19 
b50 
44 
43 
?Average of two t e s t s  except  where noted.  
O S  i ng l  e t e s t .  
'Lack o f  s u f f i c i e n t  m a t e r i a l  p r e c l u d e d  unexposed t e n s i l e  t e s t i n g .  
TABLE XII. - TENSILE PROPERTIES OF THE CG-27 TUBING 
BEFORE AND AFTER ENDURANCE TESTING FOR 3500 h r  AT 
21.6 MPa I N  EITHER H2 + 1% C02 o r  He a t  820' C 
I I ti;, I s t r e n g t h ,  MPa Istr;pn:th, I 
I I I I t 25' C 
TABLE X I I I .  - SUMMARY OF RESULTS OF TENSILE PROPERTIES OF 820' C ENDURANCE TESTED TUBES I N  EITHER H2 + 1% C02 o r  He 
A l l o y  Average 
r u p t u r e  
t ime ,  
h r  
T e n s i l e  p r o p e r t y  change as p e r c e n t  o f  as - rece ived  p r o p e r t i e s  R i g  
mnvi ronmen' 
~ 
P e r m e a b i l i t y  
c o e f f i c i e n t ,  
4 ,  a f t e r  250 h r  
exposure 
cm2/sec MPa 
21 MPa - 820' C 15 MPa - 820' C 
U l t i m a t e  
s t r e n g t h  
U l t i m a t e  
s t r e n g t h  
E l o n q a t i o n  
Dercent  
E l o n g a t i o n  
Dercen t  
~ 
RT 
~ 
1200 c 
__ 
RT 
~ 
RT 
~ 
8200 c 
~ 
820" C 8200 c RT 
~ 
He 
He 
He 
H2 
H2 
H2 
He 
H2 
He 
H2 
H2 
H2 
H2 
H2 
H2 
He 
He 
He 
He 
He 
He 
H2 
He 
H2 
He 
H2 
He 
H2 
H2 
H2 
He 
He 
He 
H7 
N-155 
A-286 
I n c o l o y  800 
-1 1 
-13 
- 20 
-25 
+3 
-0.1 
-32 
-45 
-44 
-46 
-45 
-74 
( b )  
( b )  
( b )  
( b )  
-16 
-5 
-.5 
+.3 
-7  
-42 
-19 
-12 
+3 
-3 
+9 
+ 2  
-20 
-27 
-30 
-54 
-10 
-52 
-13 
- 6  
-16 
-13 
-12 
-14 
-0.01 
.06 
-31 
-20 
- 28 
-33 
-64 
-38 
( b )  
( b )  
: b )  
: b )  
-17 
-10 
-1 
.10 
' a )  
- 7  
+1 
-3 
-1 3 
t11 
.12 
.35 
.44 
.4 1 
.30 
.36 
.44 
.41 
.12 
16 
-24 
( a )  
- 70 
-78 
- 2 3  
-56 
( a )  
-92 
-45 
-38 
-75 
-91 
( b )  
( b )  
( b )  
( b )  
-65 
-58 
-46 
( a )  
( a )  
-95 
+5 
t12.1 
-41 .! 
( a )  
-30 
-38 
-51 
( a )  
-73 
-78 
-73 
-78 
( a )  
( a )  
+135 
+ l o 4  
+72 
+52 
-14 
-16 
-31 
-47 
204 
118 
( a )  
( b )  
( b )  
( b )  
( b )  
-20 
+16 
- 2 2  
-27 
-78 
( a )  
( a )  
16 
14 
( a )  
( a )  
+121 
+205 
+148 
+ l o 8  
+86 
( a )  
-50 
-21 
-12 
-14 
606 
1240 
399 
419 
118 
c130R 
601 
60 1 
c3500R 
3500R 
2777 
2372 
1598 
C3500R 
1374 
1200 
1273 
'2099R 
154 
'165R 
878 
C2919R 
567 
C890R 
2856 
C3500R 
514 
765 
1672 
1925 
796 
570 
'3500R 
C3500R 
1392 
1785 
19-9DL 
CG-27 
w-545 
12RN72 
12RN72(cw) 
253MA 
S a n i c r o  31H 
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Figure 1. - Microstructures of hairpin tubes before and after rig exposure. 
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Figure 3. - Test module for Stirling engine simulator materials test rig. 
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Figure 4 - Schematic representation of Stir l ing engine simulator materials test rig. 
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Figure 6. -Tube tensile specimen and grips. 
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6 Abstract 
The h e a t e r  head tubes o f  c u r r e n t  p r o t o t y p e  automot ive 3 t i r l i n g  engines a r e  f a b r i -  
c a t e d  f rom a l l o y  N-155, an a l l o y  which c o n t a i n s  20 p e r c e n t  c o b a l t .  
IJn i ted S t a t e  impor ts  over  90 percent  o f  t h e  c o b a l t  used i n  t h i s  c o u n t r y  and 
resource  s u p p l i e s  c o u l d  n o t  meet t h e  demand imposed b y  automot ive a p p l i c a t i o n s  o f  
c o b a l t  i n  t h e  h e a t e r  head ( t u b e s  p l u s  c y l i n d e r s  and r e g e n e r a t o r  housings),  i t  i s  
i m p e r a t i v e  t h a t  s u b s t i t u t e  a l l o y s  f r e e  o f  c o b a l t  be i d e n t i f i e d .  
descr ibed h e r e i n  focused on t h e  h e a t e r  head tubes. S i x t e e n  a l l o y s  (15 p o t e n t i a l  
s u b s t i t u t e s  p l u s  t h e  20 percent  Co N-155 a l l o y )  were eva lua ted  i n  the  f o r m  o f  t h i n  
w a l l  t u b i n g  i n  t h e  NASA Lewis Research Center S t i r l i n g  s i m u l a t o r  m a t e r i a l s  d i e s e l  
f u e l  f i r e d  t e s t  r i g s .  Tubes f i l l e d  w i t h  p i t h e r  hydroqen doped w i t h  1 p e r c e n t  CO2 
o r  w i t h  h e l i u m  a t  a gas pressure  o f  15 MPa and a temperature o f  820" C were c y c l i c  
endurance t e s t e d  f o r  t imes up t o  3500 h r .  R e s u l t s  showed t h a t  two i r o n - n i c k e l  
ba5e supera l loys ,  CG-27 and Pyromet 901 s u r v i v e d  t h e  3500 h r  endurance t e s t .  The 
remain ing  a l l o y s  f a i l e d  b y  c r e e p - r u p t u r e  a t  t imes l e s s  than 3000 hr ,  however, sev- 
e r a l  o t h e r  a l l o y s  had s u p e r i o r  l i v e s  t o  N-155. R e s u l t s  f u r t h e r  showed t h a t  doping 
t h e  hydroqen work ing  f l u i d  w i t h  1 v o l  % COP i s  an e f f e c t i v e  means o f  r e d u c i n g  
hydrogen pwniea t ) i  1 ity tlirotioh a1 1 the  2 l l o y  tubes i n v e s t i a a t e d .  
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